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We study the scattering of normally incident waves by core-shell nanowires, which support both electric
and magnetic resonances. Within such nanowires, for p-polarized incident waves, each electric resonance
corresponds to two degernerate scattering channels while the magnetic resonance corresponds to only one
channel. Consequently when the electric dipole and magnetic dipole are tuned to overlap spectrally, the
magnitude of the electric dipole is twice that of the magnetic one, leading to a pair of angles of vanishing
scattering. We further demonstrate that the scattering features of nanowires are polarization dependent, and
vanishing scattering angles can also be induced by Fano resonances due to the interference of higher order
electric modes with the broad magnetic dipole mode. c 2013 Optical Society of America
OCIS codes: 290.0290, 240.6680, 260.5740.
Investigations on scattering of light by subwavelength
particles are playing a fundamental role in many elds,
with applications in optical communications, meteorol-
ogy, sensing, and other interdisciplinary elds including
medical and biological researches [1{3]. For most scatte-
ring problems, ecient shaping of the scattering pattern
is one of the most crucial issues and is vitally impor-
tant for various applications, such as nanoantennas [4,5]
and photovoltaic devices [6]. However, currently most
approaches on the scattering shaping rely on the engi-
neering of electric responses of nanostructures, due to
the fact that most materials have only dominant electric
responses [1, 2, 7, 8].
It is known that the presence of magnetic resonances
in scattering systems brings extra freedom for the scat-
tering engineering due to the interplay of both electric
and magnetic responses, of which the Kerker's proposal
of serves as a good example [9]. However, in nature only
a limited number of materials exhibit magnetic proper-
ties at optical frequencies. These are mainly due to mag-
netic dipole transitions in e.g. rare-earth atoms and are
known to only operate in a narrow spectral range, being
accompanied by high intrinsic losses.
Recently, inspired by the emerging eld of metamate-
rials, many non-magnetic structures were proven to sup-
port articial magnetic resonances, of which the high
permittivity nanowires and spheres are outstanding ex-
amples [10{20]. The existence of both electric and mag-
netic resonances in such high permittivity nanoparticles
has led to the demonstration of novel scattering phenom-
ena [18{24], including the vanishing backward scattering
proposed by Kerker [7]. However for those demonstra-
tions the electric and magnetic dipoles were mostly spec-
trally separated and consequently the total scattering
was in the non-resonant regime with reduced total mag-
nitude. It is not until recently that the vanishing back-
ward scattering in the resonant super-scattering regime
was achieved through overlapping an electric dipole (ED)
and a magnetic dipole (MD) of the same magnitude in
core-shell nanospheres [25,26]. Following these rst ideas,
it is now becoming increasingly important to apply the
super-scattering regime to scatterers with other geome-
tries and explore the polarization eects of the scattering
as well as the inuence of the higher order modes on the
scattering pattern.
x
y
θ
E
H
k
r2r1
n=3.5
Ag
Fig. 1. Schematic of scattering of normally incident p-
polarized plane waves by a core-shell nanowire. The core
nanowire is silver of radius r1 and the shell is n = 3:5 di-
electric of radius r2. The scattering angle is dened as .
In this Letter, we study the scattering of (metal) core-
(high permittivity dielectric) shell nanowires, which sup-
port both electric and magnetic resonances. We nd that
for p-polarized incident waves, the ED and MD can be
tuned to overlap spectrally. As the ED corresponds to
two degenerate scattering channels while the MD corre-
sponds to only one channel, its magnitude is twice the
magnitude of the MD. Consequently, in sharp contrast to
spherical structures investigated before, where the scat-
tering is suppressed only at the backward direction, here
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Fig. 2. Scattering eciency spectra of p-wave (total and
the contribution from ap0 and a
p
1) for (a) uniform dielectric
nanowire with r1 = 0, r2 = 145 nm and (b) (silver) core
- (n = 3:5 dielectric) shell nanowire with r1 = 70 nm and
r2 = 145 nm. Above (a) the near-eld distributions of jHzj2
(colormap) and transverse electric eld Et (arrows) at points
E and M are shown. (c) and (d) show the scattering pat-
terns for the points indicated in (a) and (b): S = 1:106 m,
A = 1:242 m, E = 0:895 m, and M = 1:363 m.
we demonstrate a pair of angles along which the scatte-
ring is vanishing. It is also demonstrated that the scatte-
ring features are highly polarization dependent, and the
vanishing scattering angles can also be obtained through
the Fano resonance, which is induced by the interference
of the broad MD and the narrow higher order electric
modes.
The structure we study is shown schematically in
Fig. 1. The innitely long nanowire is arranged along
z direction with a silver core (the permittivity is from
Ref. [27]) and a dielectric shell (n = 3:5). Here the in-
cident plane wave propagates along x direction and the
scattered light is conned at the x y plane. The electric
eld of the incident wave is either polarized along y (p-
wave) or along z (s-wave). The scattering of a nanowire
(single-layered or multi-layered) can be solved analyti-
cally and the scattering eciency is [1, 2]:
Qs;psca =
2
kr
h
(as;p0 )
2 + 2
X1
m=1
(as;pm )
2
i
; (1)
where k is the angular wave-number in the background
material (vacuum in this study); r is the radius of the
outmost layer; a0 and am are the scattering coecients,
and the superscripts s and p corresponds to s-wave and
p-wave, respectively. More specically a0 and a1 corre-
spond to the magnetic (electric) and electric (magnetic)
dipoles for p (s) waves, respectively [11]. The scattering
coecient am relates to an angular eld distribution of
eim [11], which corresponds to two angular momentum
channels with angular momentumsmh, where the scat-
tering angle  is dened in Fig. 1. In contrast a0 corre-
sponds to a uniform angular eld distribution with no
angular momentum along z direction [1, 2]. As a result,
the contribution from am to the scattering eciency is
twice that from a0. At the same time the angular scat-
tering amplitude can be expressed as [1, 2]:
SAs;p() =
p
2/k
as;p0 + 2X1m=1 as;pm cos(m) : (2)
In Fig. 2 we show the scattering eciency spectra
(SES) for incident p-wave, including the total scattering
eciency and the contributions from ap0 (MD) and a
p
1
(single channel, ED). Firstly we study a single-layered
nanowire (r1 = 0, r2 = 145 nm) and the SES is shown in
Fig. 2(a). It is clear that although both dominant ED and
MD are supported with resonances centered at point E
and M, respectively, they are spectrally separated. Above
Fig. 2(a) we also show the near-eld distributions of lon-
gitudinal magnetic eld intensity (jHzj2 ,colormap) and
transverse electric eld (Et, arrows) of points E and M.
It is clear that ED and MD are supported at points E
and M respectively: at point E, the Hz eld shows a typ-
ical dipolar distribution with transverse electric led al-
most linearly polarized; at point M,Hz eld is almost az-
imuthally symmetric inside the nanowire, accompanied
by circulating displacement currents, indicating the ex-
istence of an articial magnetic dipole [12{16]. Fig. 2(c)
shows the scattering patterns at both points. Typical
dipole-like scattering patterns are observed: at point E
the ED is dominant and oriented along y direction with
a two-lobe scattering pattern in the x y plane; at point
M the MD is dominant and oriented along z direction
with an almost circular scattering pattern in the x   y
plane. Then we study a two-layered core-shell nanowire,
shown in Fig. 1. As shown in Fig. 2(b) it is clear that
when the inner radius r1 = 70 nm and the outer radius
r2 = 145 nm, the ED and MD can overlap and thus cre-
ating a superscattering spectral regime (the correspond-
ing single channel limit in terms of scattering eciency
is approximately 2:4) [28]. We note here that the over-
lapping wavelength of ED and MD for such structures is
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Fig. 3. (a) Same as in Fig. 2(b) but for incident s-wave. (b)
The ratio of SAs=SAp with equal p-wave and s-wave inci-
dence along  = 120 and 240. The inset shows an enlarged
area of  = 1:190   1:210 m. (c) and (d) show the scat-
tering patterns for the points indicated in (a) and (b) with
B = 1:202 m and S = 1:106 m.
highly tunable, and can be shifted to shorter or longer
wavelengths for smaller or larger scales of the nanowires
with specic aspect ratios. Also in the spectral regime
in Fig. 2(b), the ED and MD are dominant and Eq. (2)
can be simplied as:
SAp() =
p
2/kjap0 + 2ap1 cos()j: (3)
At the overlapping resonant point S, as indicated in
Fig. 2(b), both ap0 and a
p
1 are real [1] and a
p
0 = a
p
1 = b.
Thus at this point we have SAp() = b
p
2/kj1 +
2 cos()j, which indicates that when  = 120; 240
[cos() =  1=2] the scattering is vanishing. In Fig. 2(d)
we show the normalized scattering amplitude at point
S. We note that at point A indicated in Fig. 2(b), the
scattering pattern is identical as that of point S. The dif-
ference is that point A is in the non-resonant regime and
the overall scattering is less than half of that at point S.
Next we change the incident wave to s-wave and show
the SES for the core-shell nanostructure in Fig. 3(a). In
contrast to p-wave incidence, at the point S, jap0j 6= jap1j.
Thus the scattering at the vanishing scattering angles
of the p-wave can not be neglected, as demonstrated
in Fig. 3(c). This feature is similar to the reection
at the Brewster angle, which is highly polarization de-
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Fig. 4. (a) Same as in Fig. 2(b) but in the spectral regime
of  = 0:8   1 m. (b) normalized scattering amplitude
along  = 60; 120; 240 and 300. (c) and (d) show
the scattering patterns for the points indicated in (b) with
D = 0:883 m and P = 0:895 m.
pendent. In Fig. 3(b) we show the amplitude ratio of
SAs=SAp[cos() =  1=2] with equal p-wave and s-wave
incidence. There is a sharp peak centered at point S
where the p-wave scattering is negligible [Fig. 2(d)] com-
pared to that of the s-wave incidence along  = 120
and 240 (the maximum intensity ratio can reach ap-
proximately 3500). At the same time, the width of such
response is as narrow as 5 nm, indicating that it might
be used for ecient polarization splitter and lters. We
also note that there is a dip located at point B [inset of
Fig. 3(b)], where the scattering of s-wave incidence along
 = 120 and 240 is vanishing [Fig. 3(d)].
Finally, we study the interference of MD and the elec-
tric quadruple mode (QM, characterized by a2) for p-
wave. In Fig. 4(a) we show the SES for the same core-
shell structure at the spectral range of 750-1050 nm. The
contribution from QM and MD are dominant and then
Eq. (2) can be expressed as:
SAp() =
p
2/kjap0 + 2ap2 cos(2)j: (4)
Compared to the QM, the MD response is rather broad,
and its interference with the narrow QM will produce
sharp Fano resonances [8,29,30]. In Fig. 4(b) we show the
normalized scattering amplitude when 1 + cos(2) = 0,
and the two modes can almost cancel each other, re-
3
sulting in vanishing scattering along two pairs of angles:
 = 60; 120; 240 and 300. Typical Fano asymmet-
ric line-shape is observed. The specic scattering patters
for the Fano dip (point D) and Fano peak (point P)
are shown in Fig. 4(c) and Fig. 4(d), respectively, show-
ing clearly the destructive and constructive interferences
along those angles.
In summary, we have studied scattering of core-shell
nanowires, which support both electric and magnetic res-
onances. We have demonstrated how to achieve a pair of
vanishing scattering angles in the superscattering regime
of overlapped ED and MD for p-waves. We have also
demonstrated the polarization dependence of these scat-
tering features and Fano resonance induced vanishing
scattering angles. Our study generalizes the proposal of
Kerker for backward scattering suppression, and our ap-
proaches can be extended to higher order modes or to
other non-cylindrical structures where diernt vanish-
ing scattering angles can be obtained in the resonant
strong-scattering regimes. Our results shed new light on
the direction of scattering shaping based on interfer-
ences of both electric and magnetic resonances, which
can play a major role in applications such as nanoanten-
nas, nanolasers, sensors, solar cells and so on.
We acknowledge a support from the Australian Re-
search Council and the Leverhulme Trust.
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